Nature assembles weak organic and inorganic constituents into sophisticated hierarchical structures, forming structural composites that demonstrate impressive combinations of strength and toughness. Two such composites are the nacre structure forming the inner layer of many mollusk shells, whose brick-and-mortar architecture has been the gold standard for biomimetic composites, and the cuticle forming the arthropod exoskeleton, whose helicoidal fiber-reinforced architecture has only recently attracted interest for structural biomimetics. In this review, we detail recent biomimetic efforts for the fabrication of strong and tough composite materials possessing the brick-and-mortar and helicoidal architectures. Techniques discussed for the fabrication of nacre-and cuticle-mimetic structures include freeze casting, layer-by-layer deposition, spray deposition, magnetically assisted slip casting, fiber-reinforced composite processing, additive manufacturing, and cholesteric self-assembly. Advantages and limitations to these processes are discussed, as well as the future outlook on the biomimetic landscape for structural composite materials.
components that possess high strength or high toughness. Thus, by studying and understanding both the synthesis-structure and structure-property relationships of biological materials, we can gain insight useful for the efficient fabrication of next-generation high-performance multifunctional materials. These ideas are at the heart of biomimetics. Biomimetic materials engineering, which differs from bio-inspired or biomediated materials engineering, focuses on recreating or mimicking the structural design of biological materials or the process by which biological materials are synthesized (16, 17) . Although it is closely related, we define bio-inspired materials engineering as taking design cues from natural fabrication processes and applying them to other synthetic systems. An example of bio-inspired processing would be the synthesis of nanostructured oxides that utilize synthetic control parameters exhibited by biological systems (i.e., pH, precursor concentration, organic ligands, etc.) to yield materials with controlled size, shape, and phase. Biomediated engineering focuses on implementing or incorporating the inherent biological elements into some other system to take advantage of the properties of that biological material. An example would be utilizing enzymes as a platform to synthesize semiconducting oxide materials (18) (19) (20) .
Because the field of biomimetics and bio-inspired and biomediated materials is vast, this review focuses only on structural and mechanical aspects of materials that mimic specific biomineralized tissues. We begin this review by examining structural design elements and structure-mechanical property relationships of two biomineralized tissues that have been well documented in the recent literature: the nacreous layer of a mollusk shell and the arthropod cuticle. We discuss biomimetic efforts to replicate the structure and mechanical properties of these natural materials. In addition, we provide a brief discussion of biomimetic routes toward calcium carbonate and phosphate minerals. We conclude by discussing limitations and challenges to the field as well as an outlook on the future of biomimetic materials engineering.
BIOMIMETIC STRUCTURAL PROCESSING
For decades, the nacreous structure found within the inner lamellar layer of mollusk shells has provided scientists and engineers with a blueprint for fabricating tough and strong materials. Its brick-and-mortar design has been considered the gold standard for biomimetic composites (5, 6, 21, 22). Recently, another architecture, a fibrous helicoidal (Bouligand) composite that provides enhanced toughening over that from the nacreous design, was revealed in the cuticles of arthropods (23). Here we describe the structure, mechanical properties, and formation of the nacre and helicoidal structures, and we provide a review of the biomimetic processing used to replicate both.
Structure, Mechanics, and Formation of Nacre
Biomimetic structural processing begins with a concrete knowledge of the multi-length-scale structure and organization of components within the biological material. This knowledge, coupled with mechanical analysis, can reveal mechanisms contributing to the overall strength and toughness of the material. Understanding the natural assembly and crystallization routes can then provide clues as to appropriate biomimetic processing routes.
2.1.1. Structure. Many marine organisms of the Mollusca phylum rely on exoskeletal structures (i.e., shells) for support and protection against predators. Mollusk shells feature a multilayered structure, with different layers containing unique microstructures, the most common of which are prismatic, nacreous, and cross-lamellar (24). Nacre, also known as mother of pearl, is the structure forming the inner layer of many mollusk shells and has become one of the most widely studied biological materials in the literature, largely because of its impressive mechanical properties and unique underlying composite architecture (Figure 1 ) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Nacre is composed of 95% inorganic and 5% organic material by volume, yet remarkably achieves strength and fracture toughness several orders of magnitude higher than those of its constituent materials (25, 27, 28) . This has been attributed to its well-ordered microstructure, featuring a brick-and-mortar-like arrangement of inorganic and organic constituents. Polygonal tablets composed of biomineralized aragonite, an orthorhombic polymorph of calcium carbonate, make up the inorganic component. These tablets, which are approximately 500 nm thick and 5-15 μm in diameter, stack to form densely packed parallel lamellae (Figure 1b) . The lamellae are separated by porous sheets of organic material (20-30 nm thick) comprising the organic matrix, which is composed of a mixture of β-chitin polysaccharide, fibroin silk-like proteins, and a variety of acidic proteins (24, 37). The templating effect of the organic matrix components on the nucleation and growth of aragonite also results in the tablets being nearly single crystalline and crystallographically aligned, with their c-axes [i.e., (001) lattice planes] aligned nearly perpendicular to the plane of the tiles, which contributes to the anisotropic mechanical properties (38) (39) (40) . At the mesoscale, mineral nanoasperities coat the surface of aragonite tablets, providing roughness, and some of these asperities cross plate boundaries, fusing them together via mineral bridges (Figure 1c ) (34, 38) .
Mechanics.
Much work has been done to characterize the mechanical properties of nacre and to identify the strengthening and toughening mechanisms yielding nacre's enhanced damage tolerance and fracture resistance (25, (27) (28) (29) (30) (31) (32) 34 (35). Other studies reported a tensile strength of 100-170 MPa when the nacre was loaded parallel to the layer plane (34, 36) . Intuitively, nacre achieves its high strength because of its high volume fraction of stiff ceramic material; the origins of its toughness, however, are less obvious. Several mechanisms have been attributed to its high toughness. First, crack deflection at the hard/soft interfaces between the ceramic tablets and organic matrix leads to a tortuous crack path, providing an enhanced work of fracture (27-31, 34). Second, viscoplastic deformation of the interlamellar organic sheets allows for tablet sliding (Figure 1d ), providing some ductility (27-31, 34). Finally, resistance to tablet sliding under tensile loading due to mineral nanoasperities on the surface of tablets, mineral bridging between tablet layers (Figure 1e) , and wavy tablet morphology provides an interlocking and strain hardening effect (Figure 1f ) (27-31, 34).
Formation.
Aside from structure-mechanics relationships, the formation mechanisms of the nacre structure, namely the self-assembly of the organic matrix and the role of organic macromolecules in controlling the nucleation and growth of aragonitic crystals, has attracted much interest from the biomineralization community (37, (41) (42) (43) . Although organic polysaccharides and proteins make up only 5% of nacre by volume, these biopolymers play a critical role in the formation of the well-ordered and crystallographically aligned mineral phase. Nacre growth occurs by the alternate growth and arresting of mineral tablet layers controlled by the secretion and deposition of interlamellar organic matrix material (Figure 2) . Heinemann et al. (44) and Nudelman (24) recently provided reviews on the mechanisms of crystal nucleation and growth in nacre. Initially, an organic layer is secreted. Calcium carbonate then nucleates on the surface of this layer and grows in all directions, with the fastest growth along the c-axis. Thereafter, a second organic layer is secreted, which arrests mineral growth in the c-direction and allows growth to continue in the a-and b-directions. However, small pores within the organic layer allow the mineral to continue growing in the c-direction, through the membrane, and seed the growth of new tablets in the next layer. This process repeats itself, resulting in the characteristic Christmastree pattern shown in Figure 2 . The continuation of mineral across tablet layers accounts for the observed mineral bridges that also display crystallographic continuity (Figure 2f ). Although the specific mechanism of nucleation and growth of mineral is still under debate, it is generally accepted that acidic proteins containing residues with certain chemical functionalities (e.g., carboxylates, sulfates) adsorbed to the chitinous scaffold are responsible for initiating nucleation and arresting growth of the aragonite tablets (24).
Nacre-Mimetic Materials
Because of the remarkable mechanical performance of nacre, significant efforts have been taken to mimic its hierarchical structure using engineering materials to create high-performance composites exhibiting exceptional stiffness, strength, and toughness. In theory, engineered composite materials could be manufactured that exceed the mechanical properties of nacre, given the diverse range and performance of synthetic building-block materials, as well as processing conditions, that engineers have at their disposal.
In this section, we examine recent biomimetic efforts to replicate the nacre structure, focusing on the materials used, fabrication methods, and the resulting structural features and mechanical performance. For in-depth reviews of nacre-inspired layered composites, the reader is referred to the works of Yao et al. . The focus here is on more recent reports of nacre-mimetic materials. Additionally, we focus on three of the most prominent fabrication techniques reported in the literature: freeze casting, layer-by-layer (LBL) deposition, and self-assembly.
2.2.1. Freeze casting. Inspired by the process by which salts and other impurities become expelled from ice crystals growing from seawater and are trapped within the channels between them, freeze casting is a technique that allows for the formation of well-ordered, layered porous materials (46, 47). It has become a popular technique for the mimicry of nacre, whereby the controlled unidirectional freezing of ceramic suspensions can yield oriented lamellar microstructures. Deville (7) provided a review of the freeze-casting process and of recent progress in producing porous ceramic materials. As the water freezes and the growing ice front advances, ceramic particles are repelled from the ice-water interface and settle, becoming trapped between the growing dendritic ice crystals, as shown in Figure 3a . The ice can then be removed by sublimation via freeze drying, leaving 
Figure 3
Freeze-cast nacre-mimetic structures. (a) Schematic phase diagram describing the freeze-casting process. Ceramic slurry is initially prepared. Controlled freezing of the solvent traps ceramic particles between the growing crystals. The solvent is then sublimated, leaving behind an ordered lamellar structure, which can then be sintered to fuse the ceramic particles. behind a lamellar structure reminiscent of the aragonite bricks (without the mortar) in nacre. Subsequent sintering of the ceramic structure followed by infiltration of the void space with a second polymer can effectively replicate the organic matrix, yielding a two-phase nacre-like composite structure. By carefully controlling the freezing kinetics, specifically the speed of the solidification front, Deville et al. (46) were able to vary the thickness of ceramic (alumina and hydroxyapatite) lamellae from 1 μm to 200 μm without affecting the long-range ordering. In addition, a most intriguing result, stemming from the trapping of ceramic particles between ice dendrites and from the occasional dendrite spanning the channels between lamellae, was the formation of roughness on the lamellae's surface and of linkages between lamellae, reminiscent of the nanoasperities and mineral bridges found in nacre (46). After infiltration of alumina scaffolds with an aluminumsilicon alloy, the alumina/Al-Si composites (45/55 vol%) were able to achieve a strength of 400 MPa and a fracture toughness of 5.5 MPa · m 1/2 under three-point bend loading. Moreover, after doping of the alloy with 0.5 wt% titanium, the strength and fracture toughness increased to 600 MPa and 10 MPa · m 1/2 , respectively (46). Munch et al. (48) used a similar freeze-casting process to create aluminum oxide/polymethyl methacrylate (PMMA) composites, which exhibited yield strength, fracture toughness, and maximum strain to failure of 200 MPa, 30 MPa · m 1/2 , and 1.4%, respectively. Ceramic bricks were 5-10 μm wide and 20-100 μm long. The authors were able to achieve densely packed, high-volume fraction (up to 80 vol% ceramic) composites through additional pressing (perpendicular to the lamellae) and double sintering steps, which helped reduce the average lamella thickness to 5 μm and promote the formation of ceramic bridges between lamellae (48). Moreover, the addition of sucrose to the slurry mixture assisted in the formation of ice crystals with microscopic roughness, which translated into ceramic tablets with rough surfaces and also promoted interlamellar bridging (48). Indeed, the adhesive properties at the inorganicorganic interfaces play an important role in the inelastic deformation response in nacre. Here, chemical grafting of the methacrylate group onto the alumina surfaces prior to PMMA infiltration ensured stronger covalent bonding between the ceramic and polymer phases and resulted in a noticeable improvement in the strength and crack-initiation fracture toughness, K IC (48). Bouville et al. (49) eliminated the ductile polymeric phase and created an alumina nacre-like mimetic material using only ceramic constituents (Figure 3b-h) . The aqueous colloidal suspension contained 100-nm alumina nanoparticles (98 vol%) mixed with a liquid-phase precursor containing 20-nm silica (1.3 vol%) and calcia (0.2 vol%) nanoparticles. The role of this smaller nanoparticle phase was to fill the remaining gaps between alumina lamellae, mimicking the organic matrix of nacre, and resulted in nearly fully dense (>98% relative density) samples after a pressure-assisted sintering step to 1,500
• C (Figure 3b ,c) (49). Alumina bridges and nanoasperities, reminiscent of nacre, were also observed within the structure. Although the structure featured no ductile components, the resultant ceramics exhibited an impressive combination of strength (470 MPa), toughness (22 MPa · m 1/2 ), and stiffness (290 GPa) under single-edge notched beam testing while also exhibiting mechanical stability up to 600
• C (Figure 3g ) (49). Toughening mechanisms such as crack deflection and crack bridging were also observed in the single-edge notched beam-loaded specimens (Figure 3e ,f ) (49). Bai et al. (50) recently introduced a bidirectional freezing technique capable of imparting large-scale, long-range (centimeter-scale) ordering of aligned single-domain lamellar nacre-like structures. This was achieved using a polydimethylsiloxane wedge of varying slope to cover the cold finger, which imparts dual temperature gradients, allowing for the control of ice growth in both the vertical and horizontal directions and eliminating the formation of randomly oriented submillimeter-scale lamellar domains in the plane perpendicular to the freezing direction (50). The technique was used to create hydroxyapatite/PMMA nacre-mimetic composites as large as 4 × 8 × 25 mm that displayed an excellent combination of properties: elastic modulus of ∼20 GPa, bending strength of ∼100 MPa, and work of fracture as high as 2,075 J/m 2 , two orders of magnitude higher than that of monolithic hydroxyapatite (51 (Figure 4) . The authors attribute the enhanced performance to the hierarchical structure, which combines microplatelets (Al 2 O 3 ) and nanosheets at different length scales. Al 2 O 3 /GO-PVA films exhibited a tensile strength 2.8 times higher than that of Al 2 O 3 /PVA films and a toughness approximately 6 times higher than that of GO-PVA films, suggesting that the three-component composite is beneficial for balancing strength and toughness (53).
A summary of the biomimetic composites outlined in Sections 2.2.1-2.2.3, as well as their mechanical properties, is provided in Table 1 . The mechanical properties of nacre are also listed. The reader should bear in mind that the toughness values reported in Table 1 are primarily measurements of the crack-initation fracture toughness, K IC ; however, where indicated, values are measurements of the elastic-plastic fracture toughness, K JC . It is important to note this distinction. The crack-initiation fracture toughness, K IC , describes only resistance to crack initiation; it does not account for contributions to fracture resistance during crack propagation. Many biological structures, including nacre, feature extrinsic toughening mechanisms that activate during crack propagation, allowing for stable crack growth and energy dissipation. These mechanisms lead to increased fracture resistance as the crack propagates, a phenomenon known as the R-curve effect. K JC measurements account for this R-curve behavior, and this is why we observe higher toughness values than those obtained from K IC measurements.
Other methods.
Gravitational sedimentation may provide a means to manufacture thicker composites consisting of well-aligned platelet-shaped particles. Behr et al. (54) prepared centimeter-thickness (10-12-mm) sediments of alumina platelets (300 nm thick, 10 μm in diameter) in solutions of polyvinyl butyral and ethanol, which displayed good alignment of the platelets. High-energy X-ray diffraction was used to quantify the orientation distributions of the single crystalline particles within the composite pellets. The average misalignment of platelets was found to be 21.5 ± 1.4
• and 14.6 ± 0.4
• for nonpressed and pressed pellets, respectively (54). Although the pellets achieved high alignment of microplatelets and ceramic fraction up to 65 vol% with pressing, the pellets displayed fairly poor mechanical properties, with microhardness and Young's modulus reaching only 5 MPa and 5 GPa, respectively (54). This could be attributed to the significant pore volume within the pellets (approximately 35 vol%), the nonuniform distribution of polymer within the sediments, and stacking defects (misalignment resulting from edge-on settling of particles) (54). Dwivedi et al. (55) recently employed a thermal spray processing technique to fabricate alumina/epoxy nacre-like structures ( Figure 5 ). The thermal spray process allows for a high rate of manufacture, wide material feedstock capability, and thick coatings. The feedstock material (powder, rod, or wire morphology) is fed into a high-temperature, high-velocity gas jet, which forms micrometer-sized droplets that are impacted upon a surface. Upon impact, the droplets flatten out, rapidly cool, and solidify into disk-shaped structures (thickness 0.5-2 μm) that form a lamellar microstructure reminiscent of nacre (Figure 5b,d ) (55). Once infiltrated with a polymer (epoxy), the composites attained flexural strength and fracture toughness of approximately 250 MPa and 6 MPa · m 1/2 , respectively, while only containing 4-5 vol% polymer, which is similar to the polymer content of nacre (Figure 5f ,g) (55). Microstructural analysis of fractured specimens reveals deformation/toughening mechanisms similar to those reported in nacre, such as a tortuous crack path, localized interlayer sliding and pullout, and polymer bridging (55). Finally, the authors were able to incorporate an aspect of many damage-tolerant natural composites that has not received much attention in biomimicry literature: a stiff, hard, and dense outermost layer. This structural feature has been identified in numerous biological tissues, such as the nanoparticulated outermost layers found within the abrasion-resistant chiton (mollusk) tooth (56, 57, 128) and impact-resistant stomatopod (crustacean) dactyl club (23, 58, 59). Such layers are thought to act as a first line of defense against stress localization and penetration from external threats such as predators. Dwivedi et al. (55) which resulted in a bilayer structure that exhibited a stiff initial response and localized brittle failure followed by stable crack propagation and energy dissipation up until ultimate failure (Figure 5h-j (MASC) , that allows for the fine control of ceramic platelet orientation, thus allowing for the manufacture of not only biomimetic nacre-like structures, but also periodic architectures and multilayered heterogeneous composites. Slip casting is a fabrication process by which a fluid suspension of particles is deposited onto the walls of a dry porous mold. Capillary forces draw the liquid phase into the pores of the mold, thus building a layer of jammed particles on the mold wall. MASC allows for control of particle assembly and texturing through use of magnetically responsive, anisotropic ceramic particles, which are coated with superparamagnetic iron oxide nanoparticles, in combination with an applied external magnetic field (60). By carefully tuning the direction of the magnetic field as a function of time in concert with the position of the consolidation front as a function of time, one can fabricate heterogeneous structures with any desired orientation of particles throughout the thickness of the material (60). The volume fraction of inorganic platelets in centimeter-sized samples can span from 40% to 100% while maintaining a high degree of alignment through cold/hot pressing and sintering steps (60). Subsequent infiltration of polymer into the scaffold allows for the introduction of a second continuous phase (60). The authors were also able to introduce mineral bridges between platelets in their nacre-mimetic materials by introducing silica or alumina nanoparticles into the initial alumina casting suspension followed by partial sintering between adjacent platelets (60). As a result, the fracture toughness reached 14 MPa · m 1/2 , which was a three-to fourfold improvement compared to that of monolithic untextured alumina, and the fracture strength was maintained at 650 MPa (60). Finally, the versatility of the MASC process was demonstrated by fabricating a tooth-mimetic structure that contained a bilayer structure featuring a higher-density, stiffer, harder outer (enamel-like) layer with vertically aligned platelets and a lower-density, softer inner (dentin-like) layer with horizontally aligned platelets (60). This structure demonstrates the power of the MASC technique for biomimetic materials processing, enabling fine control over aspects such as bulk morphology, local density, stiffness/hardness, microstructure and texturing of inorganic components, and chemical composition (60).
Niebel et al. (61) examined the effect of the choice of polymer used for the organic matrix on the mechanical properties of nacre-like composites. Three different polymers with drastically different mechanical properties, polylauryl methacrylate, PMMA, and polyether urethane diacrylate-copoly 2-hydroxyethyl methacrylate (PUA-PHEMA), were infiltrated into Al 2 O 3 scaffolds prepared by MASC, yielding composites with a ceramic fraction of 57 vol% (61). Through a combination of three-point bending and single-edge notched beam tests, fracture analysis via scanning electron microscopy (SEM), and finite-element analysis, it was determined that the inherently stiffer and tougher polymers PMMA and PUA-PHEMA significantly increase the flexural strength (to 182 MPa and 168 MPa, respectively), strain to failure (both to approximately 0.43%), and fracture toughness K IC (to 2.4 MPa · m 1/2 and 3.39 MPa · m 1/2 , respectively) of the nacremimetic composites as compared to polylauryl methacrylate, a soft and weak elastomer (100 MPa, 0.25%, and 1.43 MPa · m 1/2 , respectively) (61). The improvements in strength were attributed to the ability of the PMMA and PUA-PHEMA composites to generate a more homogeneous stress distribution and to avoid formation of stress concentrations near platelet interfaces, and PUA-PHEMA's improvement in toughness was attributed to its ability to promote crack propagation at the organic-inorganic interface rather than through the organic phase, which was observed for polylauryl methacrylate and PMMA composites (61). The authors conclude that the toughening and strengthening mechanisms observed in natural nacre can be best incorporated into artificial nacre composites by choosing a polymer, representing the organic matrix, that is strong and stiff and that possesses a high modulus of toughness (61).
Biomimetic mineralization.
Rather than assembling prefabricated inorganic platelets, such as those commercially purchased, several reports have combined the techniques of LBL or freeze casting with polymer-mediated growth of calcium carbonate tablets in an attempt to replicate the biomineralization process. Finnemore et al. (62) created artificial nacre using LBL in combination with a crystallization step that closely mimics the mineral tablet formation process in natural nacre. First, a continuous organic thin film was deposited onto a glass slide by dip coating into a solution of polyacrylic acid (PAA) and poly 4-vinyl pyridine. The PAA in the film was then dissolved (and the film thus made porous) by immersion in basic solution followed by stabilization using UV cross-linking and COO − surface functionalization by PAA immersion to promote mineral nucleation. Amorphous calcium carbonate (ACC) was then grown on the film surface using an ammonium carbonate diffusion technique and a PAA solution containing 1:5 Ca 2+ :Mg 2+ , yielding polymer-induced liquid precursor droplets that coalesced on the film surface (63) (64) (65) . The ACC then phase transformed into calcite through a dissolution-recrystallization process upon exposure to high humidity. This process was then repeated to produce a multilayered lamellar structure (62) . This synthesis route allows for several structural features similar to those of natural nacre. The resultant tablets are 400-nm-thick pseudosingle crystalline calcite, with grain sizes varying from 5 μm to 35 μm. The porous (pore diameter: 99.3 ± 40.3 nm) organic layers promote intertabular mineral growth (mineral bridges) as well as transference of crystallographic information and continuity across layers, which was confirmed by transmission electron microscopy (TEM) selected area electron diffraction (62) . Nanomechanical analysis via nanoindentation revealed similar deformation behavior in the artificial nacre as compared to natural nacre. At loads that induce cracking and shear faulting in monolithic calcite and aragonite, respectively, the artificial nacre displays pile-up behavior and plastic deformation, resisting fracture (62) .
More recently, Mao et al. (66) used a matrix-directed mineralization method to form millimeter-thick synthetic nacre with a 91 wt% fraction of aragonitic platelet layers. A chitosan organic matrix with a predefined laminated structure was fabricated by freeze casting and then acetylated, forming β-chitin. The scaffold was then mineralized using a direct peristaltic pumpdriven circulatory system to decompose calcium bicarbonate [Ca(HCO 3 ) 2 ] in the presence of PAA and Mg 2+ , followed by silk fibroin infiltration and hot pressing (66) . Complete mineralization of the organic scaffold can occur in only two weeks, yielding aragonitic tablets (100-150 nm thick) that are randomly (crystallographically) oriented mesocrystals with 10-100-nm nanograins (66) . Similar to reports by Finnemore et al., the resulting nacre-mimetic composites do not display crack propagation at loads that induce long crack formation in monolithic calcite and aragonite by nanoindentation, indicating their enhanced toughness and damage-tolerant behavior.
Advantages and disadvantages of nacre-mimetic processing techniques.
There are advantages and disadvantages to each of the biomimetic processing routes described in Sections 2.2.1-2.2.4 for producing high-strength and high-toughness nacre-like composites. Freeze casting allows for fine control over layer thicknesses, down to 1 μm. The nature of the freeze-casting process works well for mimicking some of the nanostructural features of nacre. For example, the forming of inorganic walls from entrapped particles creates a characteristic surface roughness that mimics very well the nano-asperities that coat the surface of nacre tablets (46). In addition, ice dendrites occasionally span the channels between lamellae, effectively replicating the mineral bridges observed in nacre (46). As a result, biomimetic nacre composites fabricated by this method achieve some of the highest reported properties of strength and toughness. Freeze casting also permits the use of a wide range of inorganic and organic components. However, although freeze casting works well for mimicking lamellar structures such as nacre because of the inherent nature of ice crystals as a structural template, it may not be suitable for replicating other complex structural geometries. In addition, this process does not provide the finely controlled size distribution of platelets, especially at a scale below 1 μm. Conversely, LBL assembly allows for high-precision ordering of nanoscale building blocks, yielding well-defined nanostructures. The constituent materials are often cast, using techniques such as spin coating, resulting in nanoscale-thick layers or even monolayers. Not only does this allow for a highly laminated and ultrathin composite material, but the intimate contact between layers usually results in high interfacial bonding and mechanical strength. However, because of its multistep nature, requiring the repetitive deposition of each layer, one at a time, the LBL technique is very time-consuming and labor-intensive. The gravitational sedimentation technique mentioned in Section 2.2.3 is highly energy-efficient and shows promising scalability, with the potential for fabricating large-volume, bulk-sized materials; however, the long processing time remains an issue (54). The technique allows for fairly good alignment of platelet particles; however, since particles are settling under the fairly weak force of gravity, the resulting composites often possess low density, high porosity, and some particle misalignment, leading to poor mechanical performance. Such issues can be partially improved with additional mechanical pressing and heat treatment steps during the fabrication process (54). Thermal spray processing allows for a high rate of manufacture and produces nacre-mimetic composites with excellent mechanical properties (55). However, because of the droplet forming process, the ability to fabricate platelet structures with consistent geometry, morphology, and packing appears to be limited (55). MASC is a highly versatile process that allows for fine control of bulk morphology, local density, microstructure and texturing of inorganic components, and chemical composition (60). The ability to fabricate multiregional composites with compositional and mechanical gradients has already been demonstrated, highlighting the enormous potential of this technique (60). As with many of the previously mentioned techniques, addressing scalability while minimizing processing time will be an ongoing challenge. Biomimetic mineralization techniques provide the opportunity to properly mimic many aspects of the mineral phase in nacre, such as crystallinity, crystallographic orientation, phase, and morphology, which are crucial for enabling high-performance mechanical properties.
Structure, Mechanics, and Formation of Arthropod Cuticle
One of the defining features of organisms in the Arthropoda phylum is the cuticle, a tough and robust exoskeletal structure whose purpose is primarily to provide support and protection from predators and other environmental pressures. Its ability to withstand impact-, crushing-, abrasion-, and puncture-type loads has inspired a new generation of multifunctional, damagetolerant composite materials. The cuticle is a composite material composed of the polysaccharide α-chitin and associated proteins, which demonstrate a helicoidal or twisted plywood architecture known as a Bouligand structure (67-69). In Crustacea, amorphous or crystalline forms of calcium carbonate and calcium phosphate mineral are added to the cuticle to provide strength, stiffness, and hardness. In contrast, the nonmineralized cuticle, such as that of hexapods (e.g., insects), relies on the cross-linking of proteins (tanning/sclerotization) or the incorporation of metal ions to stiffen and harden the exoskeleton. In this section, we focus on the mineralized cuticle of crustaceans. Figure 6a . The epicuticle is the thin waxy outermost layer, which is composed of lipids and proteins and functions as an impermeable barrier providing microbial resistance. The procuticle makes up the bulk of the exoskeleton and provides the primary load-bearing properties. It consists of two layers: the exocuticle and the endocuticle (Figure 6b) . The procuticle features a hierarchical assembly of organic and inorganic constituents. At the nanoscale, proteins are often covalently associated with α-chitin molecules, forming nanofibrils, which aggregate to form nanofibers (71) . These nanofibers subsequently self-assemble, forming the twisted plywood (Bouligand) structure (Figure 6a,g) , which features unidirectional fiber layers that are stacked, with each layer offset by a specific rotation angle with respect to the adjacent layer. This produces a lamellar architecture of helicoidally oriented fibers, where the fiber layers are aligned parallel to the cuticle surface and rotate about an axis that is normal to the cuticle surface. The helicoidal architecture of the fibers results in a characteristic banded or nested arc appearance observed in cross section, where alternating light and dark bands correspond to the varying local fiber orientation within the helicoidal microstructure. Moreover, fibrous pore canal tubules aligned normal to the cuticle surface interpenetrate the rotating fibers and serve as channels for transport of mineral ions during resorption and deposition of minerals during periodic molting and growth (Figure 6c,d) (75) . The exocuticle is typically more densely packed than the endocuticle, containing a smaller helicoidal pitch length. Here, we define the pitch length as the repeat distance over which the fiber layers make a full 180
• rotation. In fact, the pitch length is often graded throughout the procuticle, typically with decreasing pitch length observed in the direction from the cuticle surface toward the interior of the exoskeleton. The observation of a smaller pitch length could be attributed to one of two possible structural changes: a larger rotation angle between fiber layers or a denser packing of fibers (decreased interlayer distance).
Mechanics.
The Bouligand architecture and, more broadly, helicoidal structures of biological origin have been identified as advantageous designs for biomimetic structural materials. Naleway et al. (11) recently identified the helicoidal architecture as one of the eight most common structural motifs among biological materials in a variety of animal taxa and detailed its mechanical advantages. The helicoidal design has been identified not only in the exoskeletal structures of arthropods, but also other systems, such as the mineralized collagen layers in osteonal bone, in fish scale dermal armor, and in the cellulose fibrils in wood cell walls (76) (77) (78) (79) 129) . In fact, the wrapping of the tubule structures in bone osteons and in wood cell walls with helicoidal fiber layers has been found to enhance their torsional and bending rigidity (76, 80) . The helicoidal arrangement of fibers provides several toughening mechanisms, leading to enhanced damage tolerance and energy absorption. Because of the anisotropic stiffness of chitin nanofibers, which are stiffer in the c-direction (i.e., the long axis) (81), the helicoidal architecture provides inherent elastic modulus oscillation resulting from the periodic nature of the helicoidal microstructure. Such modulus oscillation has been identified via nanoindentation in cross sections of osteonal bone (82), lobster cuticle (71) , and the mantis shrimp dactyl club (Figures 6e and 7a) (23) . The gradient thus results in reduction in local driving force for crack propagation between layers. Moreover, the modulus difference between the stiff mineral and the soft organic polymer within the mineralized fibers allows for extrinisic toughening in the form of crack deflection at the fiber interface. Fratzl and coworkers (83, 84) showed that for laminated structures containing mineral-organic interfaces, when the ratio between Young's moduli of the stiff and the soft layer is sufficiently high (greater than five), the soft layers can act as crack arresters. Combined with the helicoidal architecture, the result is a crack twisting effect that forces interfibrillar crack propagation along a tortuous helicoidal path, thereby increasing the work of fracture and allowing for high energy dissipation. The crack twisting effect has been observed at the osteon boundaries in bone as well as the mantis shrimp dactyl club, where nested-arced cracks were visualized within the endocuticle region by charge-contrast SEM imaging (Figure 6i ) (23, 85, 130) . Helicoidal reinforcement has also been shown to provide enhanced toughness through the reorientation of fiber layers in response to external loading: Zimmermann et al. (77) used in-situ synchrotron small-angle X-ray scattering to measure the Bouligand-type arrangement of collagen fibril lamellae in the scales of Arapaima gigas, a freshwater fish (77) . Their measurements showed that the collagen fibril lamellae rotate and reorient in response to tensile loading so as to deform in tension or compression, thus enhancing their ductility and toughness (Figure 7e ). An additional advantage of the Bouligand design found in arthropod cuticle is enhanced resistance to interfiber-lamellar delamination resulting from the incorporation of interpenetrating pore canal fibers. Similar to the effect of z-pinning in fiber-reinforced composites (86), pore canal fibers aligned through thickness effectively stitch the stacked rotating fiber layers together, providing not only resistance to delamination, but also improved tensile and compressive strength in the direction normal to the cuticle surface (Figure 7f,g) to the cuticle surface and found a high density of pore canal tubules showing necking and ductile fracture, which are thought to play an important role in enhancing toughness in the z-direction. Moreover, the tensile strength of dried specimens in the longitudinal direction (12.9 MPa) was approximately 50% lower than that in the normal direction (19.8 MPa), where pore canal fibers were directly engaged (69) . Additionally, Yaraghi et al. (58) recently identified a modified Bouligand architecture within the stiff and hard impact surface region (exocuticle) of the stomatopod dactyl club, which features sinusoidally arranged helicoidal fiber layers as opposed to the traditionally flat sheets found within most arthropod cuticles. It was determined that this herringbone structure provides improved stress redistribution and strain-to-failure under compressive loading in the normal direction as compared to the Bouligand design because of the flattening of sinusoidal fiber layers. Moreover, through finite-element analysis, it was shown that by varying the aspect ratio (amplitude:wavelength) of the sinusoidal fiber layers, the relative Young's modulus in the loading direction can be increased (58). Guarín-Zapata et al. (87) also showed that periodic Bouligand structures, such as that found within the mantis shrimp dactyl club, can exhibit band gaps at frequencies related to the stress pulse generated during impact loading, thus providing a shear wave filtering effect that enhances energy absorption.
E (GPa)
While many strengthening and toughening mechanisms associated with the helicoidal structure have been identified and discussed here, we acknowledge that, unlike in our treatment of nacremimetic materials in Section 2.2, we have provided little information on the quantification of bulk-scale mechanical properties such as strength and toughness. This is in part because of the small physical size and nonstandard geometry of many cuticle structures featuring the helicoidal design. It is difficult to obtain test specimens of adequate size and geometry that conform to standard test protocols required for measuring bulk mechanical properties. Specialized techniques, such as in situ mechanical testing at the submicron scale, are just now being developed and implemented.
Cuticle formation.
Although the microstructure of the chitinous organic matrix provides numerous mechanical advantages, the mineral component also plays a vital role in modifying the stiffness, strength, and hardness of the crustacean cuticle. Perhaps most fascinating is nature's ability to precisely regulate the biomineralization process, demonstrating exceptional control over the local distribution, morphology, phase, crystallinity, and orientation of inorganic material. Such control is responsible for providing the diverse range of mechanical properties and functions of cuticular structures and is achieved by specific proteins and biological macromolecules colocalized on the organic scaffold, which promote/inhibit nucleation and growth of mineral. One of the most common strategies is to vary the degree of mineralization throughout the cuticle, resulting in graded composition and mechanical properties (Figure 6f ). This can be achieved via the molting process. Because of the rigid exoskeletons encompassing their soft tissue, arthropods must periodically shed (molt) their exoskeletal structure in order to grow (88) . The molt cycle begins with apolysis, the onset of premolt, during which the hypodermis is separated from the cuticle through the work of secreted chitinase and other enzymes that dissolve the membranous layer (88) . The new epicuticle and exocuticle are next laid down beneath the endocuticle of the old cuticle; however, they are not mineralized until the old cuticle is shed (88) . Concurrently, mineral from the old cuticle is resorbed. Pore canal tubules provide transport pathways for the resorption of mineral (89) . Amorphous mineral is advantageous in its ability to be easily resorbed and stored in structures such as gastroliths during molting (90) . The crystalline mineral, which is usually less soluble, cannot be resorbed and is thus shed with the old exoskeleton. The molt stage follows, in which the old cuticle is shed from the body. The postmolt follows, during which the exocuticle is tanned/sclerotized (cross-linked with protein), and mineralization begins within the outermost regions of the epicuticle and the exocuticle (88) . Transport of mineral ions is again achieved through the pore canal network (89) . The deposition of the endocuticle follows, and the endocuticle becomes mineralized as the organic layers are being deposited. It is here that we expect formation of the endocuticle to take on a chiral nematic ordered structure by the cholesteric self-assembly of chitin-protein fibrils. The exocuticle additionally becomes further mineralized; the end of the postmolt occurs when the membranous layer is deposited and new mineralization is ceased (88) .
The result of this controlled molting process is a smooth gradient in Young's modulus and hardness across the exocuticle-endocuticle interface, which allows for a stiff and hard surface to be combined with a compliant and tough interior while preventing stress concentration at the interface. Despite the sharp transition in packing density of Bouligand fiber layers from the endocuticle to the exocuticle, fracture does not appear to commonly initiate at the exocuticleendocuticle interface. Energy-dispersive spectroscopic mapping combined with nanoindentation mapping through the cuticle cross section reveals a strong correlation between increasing calcium content and increasing Young's modulus and hardness moving from the endocuticle to the exocuticle in various other systems, including the American lobster (Homarus americanus), the edible crab (Cancer pagurus) (Figure 7b) , and the mantis shrimp dactyl club (Figure 7a) (23, 91, 92) .
The exocuticle and endocuticle of crustacean cuticle most commonly feature amorphous minerals, such as ACC mineral and amorphous calcium phosphate (ACP) mineral. Because of their high solubility in water and thermodynamic instability, amorphous minerals are usually stabilized within the cuticle by proteins or cations, such as magnesium (93) (94) (95) . Crystalline minerals such as calcite or apatite may also be incorporated into the cuticle for added stiffness and hardness and are most often confined to the exocuticle, closer to the outermost surface, where stresses from impact, crushing, or puncture from predators may be concentrated. A good example of the colocalization of multiple mineral phases lies within the mandibles of the freshwater crayfish, Cherax quadricarinatus, which feature ACC, ACP, calcite, and fluorapatite organized within the cuticular structure (96) . Calcite is found within the incisor; the molar contains a mixture of the softer amorphous minerals (ACC and ACP) within the bulk endocuticle-like interior, which transitions to fluorinated apatite within the enamel-like outer surface (96) . Nanoindentation line scans through the cross section of the molar show a gradient of increasing reduced Young's modulus and hardness moving toward the surface, as ACC becomes more substituted for ACP, with the highest values within the fluorapatite surface layer (Figure 7c,d) (96) . Similar mineral composition/distribution and mechanical gradients have been identified within the mantis shrimp dactyl club (23, 58, 97). The orientation of the mineral crystals within crustacean cuticle can be controlled so that they exhibit preferential alignment (texture), yielding anisotropic mechanical properties advantageous for certain types of loading. This results from the inherent mechanical anisotropy of many crystalline minerals. This is also observed within the crayfish mandible and mantis shrimp dactyl club, where apatite crystals within the outer layer are textured with their c-axes preferentially coaligned normal to the molar/impact surface, parallel with the pore canal tubules and the loading direction, providing improved hardness and wear resistance (23, 59, 87, 96, 97) .
As mentioned in the examples of the crayfish mandible and the stomatopod dactyl club, enhancement of the local stiffness and hardness can also be achieved by the substitution of various elements into either the crystal lattice of the mineral phases or the organic matrix. Substitution of fluorine into the apatite crystal lattice not only decreases the solubility, enhancing the resistance to mineral dissolution, but also may improve the elastic modulus and hardness (98) (99) (100) . The incorporation of zinc, in the form of zinc oxide nanogranules, and chlorine into the chitin matrix of spider (Cupiennius salei ) fang was shown to correlate with higher stiffness and hardness at the fang tip, enabling its function for puncture through insect cuticle (101) . Zinc has been found to play an important role in hardening the jaws, teeth, claws, and stings of many other nonmineralized arthropods, such as ants and scorpions (102) (103) (104) (105) .
Helicoidal/Bouligand Mimetic Materials
Biomimetic efforts to replicate arthropod cuticle have only recently gained popularity, with the majority of reports published within the past few years. Research efforts have focused primarily on taking advantage of one of two kinds of properties of the cuticle, mechanical or optical. Here we focus on structural applications and examine biomimetic composite materials that feature the laminated helicoidal architecture of fibers characteristic of the arthropod cuticle. We examine three popular processing techniques for their fabrication, which include fiber-reinforced composite processing, additive manufacturing, and self-assembly.
2.4.1. Fiber-reinforced composite processing. Fiber-reinforced composites (FRCs) are popular structural materials because of their combination of high strength and toughness and are currently found in a wide range of commercial applications, such as aerospace, automotives, defense, and high-performance sporting equipment. FRCs consist of fibers (reinforcement), typically woven fabrics or unidirectional sheets that are impregnated and embedded in a continuous matrix phase. Because of the wide range of mechanical properties (e.g., tensile strength, Young's modulus, ductility) of reinforcement and matrix materials, FRCs can find great versatility in application. One could imagine FRCs as candidates for cuticle-mimetic materials because of the reinforcement and matrix components being analogous to chitin-protein fibers and biomineral, respectively. Cheng et al. (106) fabricated biomimetic helicoidal laminated composites using glass fiber preimpregnated with epoxy resin (prepreg). Panels measuring 0.3 m × 0.3 m containing 24 stacked fiber layers (plies) were produced. Single helicoid as well as double helicoid panels were produced, featuring continuous interply rotation angles of 7.8
• and 16.4
• , respectively. An industry-standard quasiisotropic design, which features a stacking sequence of [0/−45
• /45
• ] 3s , was used as a baseline control for comparison of mechanical performance (106) . The mechanical properties were assessed under flexure and short-beam shear, and it was found that the biomimetic helicoidal structures displayed higher flexural stiffness as well considerably increased residual strength (damage tolerance) compared to the baseline (83% for single helicoid, 56% for single helicoid with midplane symmetry, and 23% for double helicoid) (106). Grunenfelder and colleagues (107, 131 ; see also 132) more recently fabricated 48-ply carbon fiber/epoxy biomimetic helicoidal composites by a similar out-of-autoclave prepreg processing route and examined their mechanical response to impact loading (Figure 8) . Biomimetic helicoidal panels featuring three different rotation angles, 7.8
• (small), 16.3
• (medium), and 25.7
• (large), were fabricated and compared to unidirectional as well as quasiisotropic controls (Figure 8a,d) (107) the helicoid was to determine if there is an optimal helicoidal geometry for impact resistance and to understand the mechanical implications of having a graded pitch length throughout the cuticle cross section (107) . Results of the impact testing, using a drop tower test with 100 J of impact energy, showed that each of the helicoidal mimetic composites outperformed the unidirectional and quasi-isotropic controls in terms of dent depth, a measure of surface damage, with the panel with medium rotation angle showing a 49% reduction in dent depth compared to the quasi-isotropic control (Figure 8b ) (107) . Moreover, the medium-and large-angle panels showed 16% and 18% improvement, respectively, in residual compressive strength compared to the quasi-isotropic control (107) . Postimpact ultrasonic imaging revealed internal damage within the composite panels and showed that the biomimetic helicoidal fiber architecture promotes lateral crack propagation as opposed to through-thickness damage that may lead to catastrophic failure (Figure 8c ) (107) . One aspect of the arthropod cuticle that remains difficult to mimic, yet plays a vital mechanical role, is the network of aligned out-of-plane pore canal tubule fibers. Because of the difficulty in incorporating this network of fibers into the helicoidally stacked laminate, they are often disregarded and the mimetic structure is falsely termed a Bouligand/cuticle mimic. A potential route to incorporate this structural feature into helicoidal mimetic composites is through z-pinning (Figure 8e) . z-Pinning (e.g., 3D weaving, stitching, braiding) is a common technique already used in industry for reinforcing FRC laminates in the through-thickness direction, improving delamination resistance and impact tolerance (86) . The challenge is that z-pinning does not work for unidirectional prepregs, which are most commonly used to mimic cuticle, because they result in excessive fiber damage that degrades the in-plane mechanical properties (86). Ladani et al. (108) recently incorporated macroscale carbon z-pins (∼280 μm in diameter) and through-thickness carbon nanofibers (∼100 nm in diameter) into carbon-epoxy composite laminates. When z-pins were implemented, the interlaminar fracture energy, under quasistatic loading, was increased by approximately 200%. When z-pins and nanofibers were used concurrently, the fracture energy was increased by 400% (108).
Additive manufacturing/3D printing.
Additive manufacturing or 3D printing provides a facile route to preparing biomimetic helicoidal structures with the help of computer-aided design software. There are now a wide range of additive manufacturing techniques (e.g., direct ink write, stereolithography, inkjet, laser sintering, electrophoretic deposition) and concurrently a diverse range of feedstock materials that are capable of being printed (e.g., ceramic and metal slurries, polymers, and living cells) into functional materials (109) . Some techniques, such as the extrusionbased direct ink write process, allow for open-source ink development, providing the opportunity to print unique materials such as biopolymers (e.g., chitosan) or hydroxyapatite mineral suspensions (110) (111) (112) (113) . 3D printing also allows for the manufacture of parts with complex geometry, which is advantageous for the production of arthropod cuticle-mimetic structures. Ribbans et al. (114) 3D printed helicoidal fiber structures that were additionally supported with peripheral ring-like and helix reinforcement; this was proposed by Milliron (115; see also 23) to mimic the circumferential fiber reinforcement along the lateral sides of the mantis shrimp dactyl club, which was hypothesized to provide resistance to lateral expansion during impact (133) (Figure 9d) . Monotonic torsional testing combined with modeling was performed to study interlamellar shear resistance and to examine failure mechanisms. The results showed that the fiber-matrix modulus ratio and the pitch angles of the helix reinforcement play an important role in the interlamellar shear resistance; however, shear resistance was not substantially affected by interlayer rotation angle (114). Yaraghi et al. (58) used a multimaterial 3D printer (Connex350, Objet, USA) to produce Bouligand and herringbone modified Bouligand structures in order to compare their mechanical responses under compressive loading and validate them with finite-element analysis (Figure 9a-c) . The parts were cylindrical disks 60 mm in diameter and 37 mm in height, and featured a stiff acrylic polymer for the fibers and a soft elastomeric polymer for the matrix (58).
2.4.3. Self-assembly/liquid crystalline chiral nematic ordering. The biomimetic route that perhaps most closely resembles the natural process by which the arthropod cuticle forms is the cholesteric self-assembly of liquid crystals forming the chiral nematic phase (Figure 10 ). This technique takes advantage of the chiral nature of constituent nanocrystalline building block materials like cellulose/chitin nanocrystals or nanowhiskers and fine-tunes their environmental conditions (e.g., pH, concentration, hydration, etc.) to drive self-assembly toward the formation of the chiral nematic phase. Several very recent studies have successfully demonstrated the cholesteric selfassembly of biomaterials, such as chitin and cellulose, forming well-ordered helicoidal structures mimicking the arthropod cuticle, with subsequent assessment of their mechanical and optical properties.
Shopsowitz et al. (116) published one of the first reports of the synthesis of mesoporous chiral nematic structures with long-range ordering that displayed photonic properties. The focus of this work was to develop a photonic mesoporous inorganic solid by forming a chiral nematic structure from cellulose nanocrystals (CNCs) and using it as a cast for silica. CNCs were prepared by sulfuric acid hydrolysis of bleached softwood kraft pulp (116) . Aqueous CNC suspensions (3 wt%) adjusted to pH = 2.4 were loaded with silica precursor (tetra-ethyl orthosilicate), homogenized, and allowed to slowly evaporate at room temperature (116) . After drying, free-standing composite films were obtained, and the formation of a chiral nematic phase was confirmed by polarized light microscopy, which showed the characteristic fingerprint pattern indicative of the ordered nematic structure (116) . The films could then be calcined at 540
• C under air to remove the cellulose, resulting in a pure silica film. SEM analysis confirmed that the chiral nematic structure still persisted. Although the successful production of the chiral nematic phase was only possible over a narrow pH range, the process was relatively simple. Moreover, the authors found that the peak wavelength of reflected light (useful for the design of photonic structures), which is directly related to the helicoidal pitch of the chiral nematic phase, could be increased by increasing the silica content (116) . It was speculated that increase in helicoidal pitch could be caused by a greater silica wall thickness and higher repulsive interactions between the negatively charged silica and cellulose nanocrystals during condensation (116) . Majoinen et al. (117) also examined the formation of chiral nematic phases using CNCs (approximately 7.5 nm thick × 150 nm long) obtained from the acid hydrolysis of cellulose filter paper with sulfuric acid. It was determined that charged sulfate half-ester groups on the surface of the CNCs, formed during hydrolysis, resulted in electrostatic repulsive forces that helped keep the CNCs well dispersed in water. The cast films (70 μm thick) were formed by slow evaporation of water from 1-2 wt% aqueous suspensions of CNCs. SEM analysis of the fractured film cross section revealed a helicoidal pitch distance of 1-3 μm (117).
Wang & Walther (118) recently fabricated helicoidal crustacean-mimetic CNC-derived nanocomposites and demonstrated the tailored periodicity of their structures. Using PVA as a matrix component to the system, chiral nematic phases could be formed in a simple single-step process. Here, hypercolloidal dispersions were prepared by the slow addition of dilute CNC suspensions into well-stirred PVA solution and left to evaporate, forming the solid films (118) . An interesting finding was that the helicoidal pitch and photonic bandgap could be tuned by varying the CNC/PVA ratio. The cholesteric nematic phase was formed at CNC fractions above 55 wt%, and the helicoidal pitch was found to decrease with increasing CNC fraction. The pitch could be varied between 486 ± 50 nm (CNC/PVA: 60/40 w/w) and 355 ± 30 nm (CNC/PVA: 100/0 w/w) (118) . Additionally, the authors demonstrated helicoidal structures with stacked periodicity (multiple periodicities within the same structure). This was achieved by sequential casting of dispersions of different CNC/PVA ratio on top of one another (118) . The interfacial properties were determined to be mechanically robust, demonstrating no splitting or delamination. Such architectural control is important for the mimicry of crustacean cuticle, which demonstrates not only graded helicoidal pitch, but also sharp transitions in periodicity (e.g., between endocuticle and exocuticle regions). Finally, the tensile properties of the resultant biomimetic films were tested (at 55% relative humidity). Nanocomposites with ratios of CNC/PVA from 90/10 to 70/30 show stiff and strong character; however, little to no plastic deformation was observed (118) . Yielding and plastic deformation was observed in composites with higher PVA content; however, their strength also decreased. Plastic deformation appears to coincide with a structural transition from the cholesteric phase to a disordered phase (118) . SEM analysis of the fractured specimens reveals some evidence of toughening mechanisms, such as ligament bridging and constrained microcracking (118) . These studies not only provide new insight into the biological process of helicoidal self-assembly, but also show promise for the development of scalable processing of hierarchical nanocomposite materials. Matsumura et al. (119) added to this work by fabricating helicoidal chitinous nematic phases and subsequently mineralizing them with calcium carbonate, forming a hybrid composite structure (Figure 10 ). Chitin nanowhiskers (Figure 10b ) (165 nm long × 6 nm wide), prepared by hydrolysis in HCl solution, were used to form the chiral nematic phase, which was confirmed by polarized light microscopy. As in previous examples, the cholesteric self-assembly occurred only in certain ranges of pH and concentration. To avoid disturbing the chiral nematic phase during mineralization, the helicoidal structure was fixed by a polymer network forming a chitin/PAA template (119) . The polymer network, bearing carboxylate groups, was believed to facilitate the binding of Ca 2+ ions and induce CaCO 3 mineralization. The chitin/PAA helicoidal scaffold was mineralized by immersion in an ACC colloidal suspension for 1-7 days. Cross-sectional SEM analysis confirmed that the helicoidal structure was preserved after mineralization (Figure 10f-h ) (119) . Moreover, the pitch length was measured as a function of time after the onset of mineralization. The pitch length of the nonmineralized scaffold before and after drying was 7-8 μm and 1.4 μm, respectively. The decrease was associated with water leaving the chitin/PAA scaffold. After 1 day of mineralization, the pitch length increased to 2.4 μm, where it remained after 7 days. The increase was attributed to the infiltration of inorganic material into the scaffold (119). X-ray diffraction showed the presence of calcite after 7 days ( Figure 10i) ; TEM selected area electron diffraction confirmed the presence of ACC occluded within the chitin/PAA template after 1 day of mineralization and of nanocrystalline calcite after 7 days. Additionally, thermogravimetric analysis revealed 12 wt% and 23 wt% CaCO 3 loading after 1 day and 7 days, respectively. The incorporation of PAA is important from a biomimetic standpoint. Attempted crystallization of non-PAA-modified chitin templates with CaCO 3 and thermogravimetric analysis results suggest that mineralization was not induced, which is a potential indication of PAA's role in triggering the infiltration of ACC into the chitin scaffold and inducing crystallization (119) .
Multifunctional aspects of these biomimetic composites have also been explored. Nan et al. (120) created helicoidal thermal reduced graphene (TRG)/cellulose nanocomposites through a vacuum-assisted self-assembly technique that demonstrate electrical conductivity as well as waterresponsive color changing properties. Nguyen et al. (121) used discarded crustacean endocuticles and shells to obtain chitosan nanofibrils and fabricate helicoidal photonic hydrogels.
Oh et al. (122) reproduced chiral plywood structures from chitin nanowires extracted from crustacean shell and assessed the resultant mechanical properties. The authors employed a new technique, using Ca-saturated methanol to dissolve the chitin at the molecular level under mild conditions, which does not require the use of a strong acid or base for hydrolysis. Calcium ions could also stabilize the nanowhiskers in solution by screening interfibrillar hydrogen bonding (122) . Once the chitin nanowhiskers were dispersed in solution, Ca 2+ ions were removed through solvent exchange using three different solvents: isopropanol, methanol, and deionized water. Because of the different binding affinities of the solvents for Ca 2+ , different liquid crystal (LC) phases were formed: In methanol and isopropanol, a nematic LC formed (parallel alignment) (122) . Because water has the highest binding affinity to Ca 2+ among the three solvents, a chiral nematic LC phase was readily formed in water. The microstructural features of these composites were visualized by polarized light microscopy and TEM. By varying the water content of the hydrogel (i.e., through evaporation), the helicoidal pitch could be varied through hydrodynamic pressure placed on the chitin scaffold (122) . To assess the mechanical performance of the helicoidal structures, composites were prepared, by in-filling the chiral nematic structures with epoxy, and then tested to failure in tension. As expected, both Young's modulus and toughness increased with higher-order structuring (disordered < nematic LC < chiral nematic LC) (122) . The nematic and chiral nematic LC phases actually had similar Young's moduli; however, the chiral nematic LC had significantly higher toughness (122) . Zhu et al. (123) demonstrated a similar process for producing polymer/CNC cholesteric composites, instead using copolymers containing ureidopyrimidinone motifs to improve the mechanical performance. The CNC-based composites can span a wide range of mechanical properties depending on the polymer/CNC ratio, with inelastic deformation strains reaching up to 13% and stiffness reaching 15 GPa, independently, with combinations in between. This is due to the ureidopyrimidinone motifs, which promote supermolecular hydrogen bonding and can be modified to vary the molecular interactions with the CNCs (123).
CONCLUSIONS AND OUTLOOK
The field of biomimetic engineering has been fruitful over the past decade. In the context of the systems covered in this review, we discuss examples of mimetic nacre structures that achieve microstructural, nanostructural, and crystallographic control with features that are nearly indistinguishable from the natural systems. By designing these materials with well-defined micro-and nanostructures resembling nacre, as well as incorporating engineering materials such as alumina ceramic tablets and extensible polymers as constituent building blocks, the resultant composite materials have the potential to exceed the mechanical properties of the native biological composite. More progress, however, needs to be made on incorporating other aspects of the nacre microstructure into biomimetic designs. For instance, nanoscale features such as tablet waviness and mineral bridges have not often been recorded in the biomimetic nacre literature. Such features have been found to enhance the strength of nacre through strain hardening and resistance to tablet sliding, respectively. Faster and less labor-intensive processing techniques will also need to be developed, and processing techniques must produce materials with more consistent microstructures (e.g., uniform density, tablet geometry, orientation, and interlamellar spacing) while also being scalable.
Beyond the nacre structure, the arthropod cuticle has recently become a biological material of biomimetic interest for structural applications. Great progress has been made in mimicking its helicoidal structure and achieving the fracture-tolerant properties that this structure affords. Biomimetic helicoidal carbon fiber/epoxy composites fabricated using modern prepreg materials and industrial processing techniques have already demonstrated the ability to surpass the performance of current aerospace and automotive design standards under impact loading.
Fiber-reinforced composite processing is advantageous in that it allows for the production of large-scale bulk materials that exhibit an adequate combination of strength and toughness; however, the process of mimicking the helicoidal architecture within the arthropod cuticle requires labor-and time-intensive processing. With the help of current technology, the cutting, alignment, and stacking of fiber layers (plies) could be automated so as to reduce processing time and the possibility of human-induced error, such as ply misalignment. This suggests the need for new assembly methods. The cuticle-mimetic structures produced by the cholesteric self-assembly of nanocrystalline materials achieve highly controlled micro-and nanostructure reminiscent of natural cuticle and could provide means to scalable production.
In addition, most commercial prepreg materials are expensive and only feature reinforcements with fiber diameters on the microscale, therefore demonstrating a need for alternative materials and for a reduction in size, which will reduce weight. Chitin fibers within most arthropod cuticle have diameters on the order of tens of nanometers. Thus, in order to achieve a mimetic structure that is more representative of the natural system, there is a current demand for a 100-1,000-fold reduction in the diameter of commercially available fiber prepregs. Electrospinning is a popular current technique for the production of nanofibers; however, achieving a high degree of fiber alignment, orientation, and packing density while incorporating a laminated helicoidal architecture remains a challenge. In addition, the tensile strength of fibers that are synthesized using electrospinning falls short of the strength of fibers synthesized using current high-temperature processing. Addressing this by looking at methods by which nature produces its fibers may yield new insights into processing strong fibers.
Another challenge in mimicking arthropod cuticle is incorporating pore canal tubule fibers. It has been well established in natural systems that interpenetrating pore canal tubule fibers provide enhanced out-of-plane properties such as tensile and compressive strength. Few biomimetic reports have successfully incorporated these tubule structures into helicoidal architected materials. As mentioned above, z-pinning is one potentially successful option for incorporating these structural features.
There are many widespread challenges across the field of biomimetics, including lack of control of micro-and nanostructural features and interfaces across large areas and lack of manufacturing speed and scalability. For example, in order to scale up, well-defined micro-and nano-architectures need to be maintained and uniform across the entire volume of the part in order to avoid localized defects and to provide predictable function. Rapid processing methods for these materials need to be addressed. Many of the current methods, such as LBL techniques, are time-consuming and labor-intensive. 3D printing methods continue to push this boundary, but length scale is still an issue. Moreover, control over the interfacial properties is a major challenge. Many biological materials control the strength of hard-soft interfaces through smooth compositional and mechanical gradients, which reduce stress concentration and delamination. Incorporating mechanical gradients into biomimetic materials will be beneficial for many structural applications.
Finally, more attention needs to be paid to taking advantage of the multifunctional nature of many biological systems, which not only are mechanically robust, but also incorporate aspects such as self-healing, nutrient transport, and actuation/shape-change. If these aspects can be appropriately addressed, the next generation of high-performance multifunctional materials will certainly be inspired by biology.
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